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Scientific  Progress  and  Accomplishments 

The  detailed  study  of  the  nonlinear  response  of  resonant  optical  structures  began  after  a  conversation  with  Dr.  Ciftan  in  April 
2001,  at  which  time  he  suggested  that  I  investigate  resonant  structures  for  low-power  soliton  formation.  The  first  structure 
we  studied  is  shown  in  Figure  1  along  with  the  corresponding  linear  phase  shift  and  intensity  transmittance.  This  structure 
consists  of  a  periodic  array  of  microcavities  (or  defects)  in  a  one-dimensional  photonic  crystal.  The  layer  sequence  for  these 
structures  can  be  written: 

(LH)3[(H)7(LH)6f‘(H)7(LH)2L  (1) 

where  L  represents  a  quarter  wave  low  index  layer,  H  represents  a  quarter  wave  high  index  layer,  and  N  is  the  number  of 
microcavities  composed  of  eight  quarter  wave  layers 

The  defect  array  opens  up  photonic  density  of  states  within  the  bandgap,  resulting  in  transmission  resonances.  It  is  these 
transmission  resonances  that  are  studied  for  their  large  nonlinear  response.  There  are  many  parameters  for  optimization,  such 
as  refractive  index  contrast  between  L  and  H,  number  of  LH  periods  between  defects,  number  of  defects,  and  defect  size. 

The  nonlinear  response  of  resonant  structures  results  from  intensity-induced  detuning  of  the  resonance.  Thereforre,  in  the 
weak  nonlinearity  limit,  the  nonlinear  properties  can  be  deduced  from  the  linear  properties  of  transmisssion  and  phase.  This 
is  a  powerful  concept  that  is  exploited  throughout  our  research  to  optimize  the  nonlinear  response. 


wavelength,  (nm) 


Fig.  1.  Multilayer  thin  film  geometry  of  the  photonic  microcavity  array  (left).  The  structure  consists  of  alternating  low  (Si02) 
and  high  (SiN)  index  layers,  that  are  quarter  wave  at  800  nm.  The  high  index  cavities  consist  of  8  quarter  wave  SiN  layers. 
Phase  (dashed  linestyle)  and  intensity  transmittance  (solid)  across  the  transmission  resonance  of  the  one-dimensional  photonic 
microcavity  array  of  three  (thin  lines)  and  seven  (thick  lines)  microcavities.  The  bandgap  extends  from  about  710nm  to  910nm. 


Figure  2  shows  a  calculation  of  the  nonlinear  phase  shift  of  a  15  ps  pulse  (centered  on  800  nm)  upon  propagation  through 
these  structures  as  a  function  of  incident  intensity  and  N.  As  N  increases,  the  phase  shift  increases.  Also  plotted  in  Figure  2 
is  the  nonlinear  phase  shift  for  bulk  materials  of  the  same  thicknesses  as  the  corresponding  photonic  microcavity  array 
structures.  For  the  structure  with  an  array  of  31  microcavities,  the  enhancement  in  the  nonlinear  sensitivity  is  about  13  at  low 
intensities,  but  reduces  to  8  at  higher  intensities  due  to  saturation.  A  figure  of  merit  is  plotted  in  Figure  2  which  is  defined  by 
FOM  =  (A0/ 7r)(eT) ,  where  T  is  the  intensity  transmittance.  More  detailed  studies  have  shown  that  the  sensitivity  increases 
with  increasing  microcavity  size,  and  increasing  number  of  reflecting  layers.  Enhancements  by  nearly  a  factor  of  100  have 
been  predicted  with  only  slight  modifications  to  the  present  structure,  with  figures  of  merit  exceeding  unity 
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Fig.  2.  Nonlinear  phase  change  (left)  and  figure  of  merit  (right)  for  a  photonic  microcavity  array  for  N=15  (dashed,  heavy),  N=7 
(dot-dashed,  heavy),  and  N=3  (dotted,  heavy,  which  partially  overlaps  the  solid  line  for  the  bulk  phase  shift).  Phase  shifts  for 
bulk  materials  of  the  same  thicknesses  as  the  corresponding  microcavity  arrays  are  shown  in  the  thin  linestyle. 


An  N=3  microcavity  structure  has  been  fabricated  using  sputter  deposition  of  Si02  and  SiN  layers  followed  by  a  high 
temperature  annealing  step,  with  a  target  intragap  resonance  at  800  nm.  Figure  3  shows  the  transmission  spectrum  of  one 
sample.  We  are  working  on  a  better  annealing  process  in  order  to  increase  the  transmission  closer  to  100%.  Z-scan 
measurements  were  taken  using  a  Ti: Sapphire  mode-locked  oscillator,  which  indicate  a  strong  nonlinear  phase  shift  from  the 
structure,  as  shown  in  Figure  3.  A  z-scan  of  the  substrate  material  alone  had  a  peak  to  valley  excursion  of  nearly  100  times 
less,  indicating  that  the  phase  shift  comes  from  the  10  pm  multilayer  structure.  In  addition,  a  z-scan  of  the  structure  was 
taken  using  cw  light  of  the  same  average  power  as  the  mode-locked  measurement.  This  measurement  also  had  a  very  small 
excursion,  indicating  that  the  nonlinear  phase  shift  is  not  dominated  by  thermal  effects. 
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Fig.  3.  Transmission  spectrum  (left)  and  Z-scan  measurement  (right)  at  800  nm  for  the  N=3  microcavity  array  structure 
of  Figure  1. 


We  have  extended  these  studies  to  a  generalized  design  approach  for  nonlinear  processes,  which  involves  treating  a  collection 
of  artifical  resonators  as  a  discrete  time  filter.  With  this  perspective,  ah  of  the  tools  of  digital  signal  processing  can  be 
brought  to  bear  on  the  problem.  Fig.  4  illustrates  the  notion  of  producing  a  nonlinear  phase  shift  response  through  the 
nonlinearly-induced  detuning  of  a  periodic  (i.e. digital)  bandpass  transmission  filter,  where  the  slope  of  the  phase  determines 
the  group  delay.  The  digital  filter  is  initially  synthesized  in  terms  of  the  poles  and  zeros  of  the  transfer  function;  this  design  is 
then  mapped  into  an  optical  architecture.  There  are  two  means  to  increase  the  group  delay  (and  hence,  the  nonlinear  response) 
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within  the  passband:  1)  decrease  the  passband  width  and/or  2)  increase  the  in-band  phase  change,  which  can  be  accomplished 
by  increasing  the  order  of  the  filter. 


Fig.  4.  Magnitude  and  phase  response  of  a  digital  bandpass  filter  that  produces  an  ideal  nonlinear  phase  shift. 


Fig.  5  shows  the  nonlinear  response  obtained  by  mapping  the  transfer  function  of  Fig.  4  onto  an  optical  ARMA 
architecture  consisting  of  Mach-Zehnder  ring  resonator  lattice  filter  stages.  The  nonlinear  response  is  greater  than  that  of  an 
unstructured  material  of  equal  group  delay,  but  there  is  a  point  at  which  bistable  behavior  occurs.  By  adding  more  stages,  a 
greater  nonlinear  response  can  be  obtained  without  sacrificing  linear  bandwidth. 


Input  intensity  n?l^ 


Fig.  5.  Nonlinear  phase  shift  response  of  four-stage  ARMA  filter  (left).  The  nonlinear  response  is  enhanced  by  17  times  over  the  bulk 
material  of  equal  group  delay.  Scaling  of  nonlinear  response  n2I  with  group  delay  (right)  for  a  constant  passband  width  of  500~GHz,  where 
group  delay  is  increased  by  increasing  the  number  of  stages.  Designs  with  2,  4,  6,  and  8  stages  are  shown. 

The  self-focusing  of  optical  beams  in  nonlinear  media  is  a  fundamental  nonlinear  optical  process  that  has  many  practical 
ramifications.  In  some  circumstances,  self- focusing  is  an  undesirable  process,  while  in  other  circumstances  such  as  soliton 
formation,  it  is  desirable  to  enhance  the  self-focusing  process.  Here,  self-focusing  is  studied  in  coupled  arrays  of  photonic 
microcavities  that  take  the  form  of  periodic  defects  in  a  photonic  bandgap  structure.  The  threshold  intensity  for  self-focusing 
can  be  reduced  significantly  over  bulk  even  when  the  symmetry  of  the  resonant  structure  demands  that  the  rate  of  linear  beam 
spreading  is  increased. 
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which  has  the  solution  valid  for  any  width 


The  fractional  nonlinear  refractive  index  change  required  is  given  by 

_ 1 _ 

n  4 k1  Wq  An1  /2 

Therefore,  as  the  soliton  width  approaches  the  wavelength,  the  required  index  change  approaches  0.025,  which  is  far  larger 
than  can  be  sustained  by  most  transparent  nonlinear  media.  Defining  the  confocal  distance  z0  =  &0w0  ,  the  total  integrated 
nonlinear  phase  change  required  for  a  soliton  to  propagate  a  distance  d z0  is  given  by 

d  I”  /  2  1  1 

A  (p-  — t  V 1  +  k  - 1  where  k  — - 

K  L  J  2nx 

The  total  phase  change  is  nearly  constant  with  width  at  A(/> «  0.1 6nd ,  and  reduces  slightly  as  the  width  becomes  smaller  than 
the  wavelength.  The  total  phase  shift  illustrates  how  efficient  solitons  are  as  nonlinear  phenomena;  they  are  clearly 
observable  with  much  less  than  a  n  phase  shift. 

These  properties  are  useful  in  the  comparison  between  bulk  solitons  and  solitons  of  photonic  microcavity  arrays.  For 
example,  the  fractional  index  change  required  in  bulk  for  a  wavelength  scale  soliton  is  too  great  to  be  practical,  but,  because 
the  nonlinear  phase  change  is  amplified  due  to  detuning  in  the  microcavity  array,  large  effective  index  change  results  from 
small  physical  index  change.  In  addition,  even  physically  small  microcavity  array  structures  (i.e.  10  jum  in  length)  can 
produce  the  total  phase  changes  required  for  extended  soliton  propagation.  Therefore,  photonic  microcavity  arrays  are  ideal 
for  the  propagation  and  interaction  of  narrow,  wavelength- scale,  spatial  solitons. 

Fig.  6  shows  one  geometry  of  interest  and  the  corresponding  linear  phase  and  intensity  transmittance  for  structures  with  three 
1-D,  planar  microcavities.  L  represents  a  quarter- wave  low  index  (1.46)  layer  for  800  nm  wavelength,  H  represents  a  quarter- 
wave  high  index  (2.1)  layer,  M  is  the  number  of  LH  layer  pairs  in  the  Bragg  reflectors  surrounding  each  microcavity,  and  N 
is  the  number  of  microcavities  composed  of  eight  quarter-wave  high  index  layers.  Fig.  7  shows  the  results  of  self-focusing, 
where  the  self- focusing  threshold  is  reduced  by  up  to  a  factor  of  8  (M=4)  compared  to  bulk,  even  though  linear  diffraction  is 
enhanced  by  a  factor  of  5.  The  output  beam  profiles  show  the  formation  of  sidelobes  near  the  self-focusing  threshold. 

Similar  results  are  obtained  for  self-focusing  in  a  2-D  square  defect  lattice  in  a  2-D  photonic  crystal,  but  where  linear 
diffraction  can  be  significantly  reduced. 


Fig.  6.  Planar  photonic  microcavity  array  (left)  with  layer  sequence  (LH)M[(H)7(LH)2M]N'1(H)7(LH)M'1L  with  M=N=3.  Intensity 
transmittance  (right,  solid  linestyle)  and  phase  (dashed)  of  the  transmission  resonances  with  N=3,  and  M=2  (thin),  M=3 
(medium),  and  M=4  (thick).  As  shown,  the  bandgap  extends  from  710nm  to  920nm. 
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Fig.  7.  Output  beam  FWHM  (left)  normalized  to  the  1.76  pm  input  FWHM  as  a  function  of  normalized  input  peak  intensity  for  microcavity 
arrays  with  N=3,  and  M=2  (dot-dashed  linestyle),  M=3  (dashed  linestyle),  and  M=4  (solid  linestyle).  Transverse  beam  profiles  (right)  at  the 
input  (solid  linestyle)  and  output  (dashed  linestyle)  of  the  M=3  microcavity  array  structure.  The  heavy  dashed  line  is  for  n2I  =  2.7x1  O'3, 
while  for  the  medium  and  light  line  weights,  n2I  =  4.5x1  O'3  and  8.9x1  O'3  respectively. 


The  enhanced  rate  of  diffraction  in  a  1  -D  lattice  might  seem  to  a  drawback,  even  though  it  is  accompanied  by  a  reduction  in 
soliton  power.  However,  it  turns  out  to  be  a  great  advantage.  By  increasing  the  curvature  of  the  momentum  surface  that 
governs  linear  diffraction,  the  interaction  between  solitons  is  enhanced.  Therefore,  one  soliton  acting  on  another  in  a  1  -D 
photonic  microcavity  lattice  will  be  more  effective  than  the  same  interaction  in  comparable  bulk  media.  This  is  contrary  to 
other  soliton  systems  presently  being  studied  such  as  waveguide  arrays  where  the  soliton  power  can  be  reduced,  but  there  is  a 
corresponding  decrease  in  the  strength  of  soliton  interaction  because  diffraction  forces  are  weakened.  The  1  -D  microcavity 
array  is  the  only  system  presently  being  studied  that  offers  the  simultaneous  advantages  of  reduced  power  and  enhanced 
interaction 

Also  as  part  of  this  research,  a  femtosecond  laser  system  was  completed  under  funding  from  a  second  DURIP  grant  along 
with  other  matching  funds.  In  addition  to  the  Ti: sapphire  oscillator  funded  by  the  first  DURIP,  we  added  a  Spitfire 
regenerative  amplifier  and  an  optical  parametric  amplifier  (OP A).  The  Spitfire  is  configured  with  dual  ps/fs  stretcher- 
compressor  units  so  that  we  can  rapidly  switch  between  ps  and  fs  operation  with  the  same  oscillator.  The  regen  produces 
pulse  energies  exceeding  0.5  mJ.  The  OP  A  is  setup  for  fs  operation  with  tunability  from  600  nm  to  3000  nm  and  sub-50  fs 
pulse  durations.  Various  nonlinear  characterization  experiments  have  been  set  up  based  upon  this  research. 


